To develop a commercial fermentation process producing butanol, a kinetic model describing the metabolism in an acetone-butanol-ethanol (ABE)-producing by Clostridium acetobutylicum ATCC 824, was proposed by modifying the previously proposed metabolic pathways. We used an efficient optimization algorithm combining a genetic algorithm and the Levenberg-Marquardt algorithm in order to estimate the kinetic parameters of the model with experimental data obtained from a batch fermentor because of the complexity of the model equations. To evaluate the kinetic parameters estimated with the fermentation experiments using C. acetobutylicum ATCC824, an additional experiment was carried out using the modified clostridium, where pathway deletion was introduced. Thus, this kinetic study will be contributed to designing C. acetobutylicum for enhanced ABE production.
INTRODUCTION
With the growth of concerns on the rising oil price, the use of biomass as a renewable source has been considered to reduce dependency on petroleum. Recently, fermentation processes to produce chemicals and fuels have been studied and developed (Lee et al., 1995; Lopez-Contreras et al., 2000; Madihah et al., 2001; Qureshi et al., 2001) . To design an industrial-scale process, the dynamic behaviors of microbes should be properly predicted. Thus, a metabolic pathway modeling approach is one of the most efficient methods to improve metabolic capabilities (Stephanopoulos and Vallino, 1991; Shinto et al., 2007& 2008 Lee et al., 2008) .
Clostridium acetobutylicum is a commercially applicable bacterium to produce acetone, butanol and ethanol for a century so that a fermentation process using species of Clostridium is called acetone-butanol-ethanol (ABE) fermentation. ABE fermentation process was developed by Fernbach and Strange in 1911 and it quickly spread around the world during the early 20th century. However, the ABE fermentation process faded out in the mid-20th century as its production cost became no longer competitive compared to petrochemical processes (Green, 2011; Lee et al., 2008) . However, the ABE fermentation processes using clostridia begin to regain popularity as the demand of bio-based fuel and chemicals currently increases.
To develop a commercial process, the metabolic behavior of the clostridia should be predictable with respect to the operating conditions of the process so that metabolic pathway modeling plays a relevant role to develop a commercial process. Considerable researches on metabolism in species of clostridium have been carried out to develop a model describing the metabolic behaviors (Jones and Woods, 1986; Welch et al., 1989; Stephanopoulos and Vallino, 1991; Shinto et al., 2007 Shinto et al., & 2008 Lee et al., 2008 Lee et al., & 2011 Lee et al., 2009; Lütke-Eversloh and Bahl, 2011) . However, there are still remaining problems in terms of the reliability of the modeling approach because of the reasons as follow.
-Complexity of metabolic network: A metabolic pathway network is comprised of a great deal of complex interconnection of enzymatic reactions so it is hard to identify all the possible pathways (Milne et al., 2011 , Shinto et al., 2008 .
-Difficulty in measuring the concentration of metabolites in clostridia: We may not correctly measure the amount of the metabolites in clostridia.
-Multifunctional enzymes: Since some enzymes can be involved in different metabolic reactions at once, conventional enzymatic reaction kinetics may not be corresponding to the actual phenomena (Fan et al., 2009) .
To develop the mathematical metabolic model, we have proposed the modified metabolic reaction network in C. acetobutylicum since it was found that the previous metabolic models proposed in the literature were not capable of describing the actual dynamic metabolic reactions in the clostridium. Then, the parameters of the kinetic models for the metabolism have been estimated using an efficient heuristic optimization algorithm with various batch fermentation experiments.
2. EXPERIMENT 2.1 Microorganism C. acetobutylicum ATCC 824 was used in this work and it was purchased from American Type Culture Collection (USA). The gene knockout mutant was constructed by using the method proposed by Heap et al. in 2007 .
Media
The organism was grown in the clostridial growth media (CGM) in order to ensure butanol production in batch cultures. 
Cultivation
The CGM media for ABE fermentation were continuously bubbled with nitrogen gas. All experiments were conducted in a 7-L bioreactor (New Brunswick Scientific Co., Edison, NJ, USA). Batch experiments were carried out with a 2-L working volume. Initial pH adjusted at 5.5 and it was maintained at 5.0 by automatic addition of 30 % NH 4 OH during fermentation. The operating temperature of all the experiments was at 37 °C.
Analytical Method
All analyses were made on the supernatants of the samples previously centrifuged at 13,000 rpm during 10 min. Glucose was analyzed using an HPX-87H Aminex ion exchange column (Bio-Rad) and an Agilent Technologies 1200 series High performance liquid chromatograph. Concentration of ABE solvents and acids (acetic and butyric acid) were determined by gas chromatograph (GC) using Agilent 6890N Series/5873 Network (Agilent Technologies, Palo Alto, CA, USA). A GC was equipped with a flame ionization detector (FID) and a 300 mm x 7.8 m glass 80/120 Carbopack BAW packed column (Supelco Inc., Bellefonte, PA). Helium as carrier gas was fed at 3 mL/min. Inlet heater and FID temperature operated at 220 °C and 280 °C respectively. Following conditions were used: oven temperature of 100 °C for 30 s, ramping to 135 °C at 10 °C/min, ramping to 170 °C at 30 °C/min, and then programmed at 170 °C for 9 min final hold. The butanol and solvent yield was calculated by dividing the amount of product formed by the amount of glucose utilized. Cell biomass was determined from the standard curve of absorbance against cell dry weight. One absorbance unit corresponded to a cell dry weight of 0.333 g/L.
MODELING

Metabolic Pathways in Clostridium acetobutylicum
The metabolic pathways of C. acetobutylicum ATCC 824 were previously proposed by Jones and Woods in 1986 and several intensive studies on genome-scale analysis have been improving the accuracy of the metabolic model of the clostridium (Borden and Papoutsakis, 2007; Lee et al., 2008 Lee et al., & 2011 . Based on the pathways, laborious efforts have been made to develop appropriate kinetic models. However, very few dynamic models for the metabolism have been suggested due to the complexity of the metabolic pathways in ABE fermentation (Desai et al., 1999; Shinto et al., 2007& 2008 . To develop the model describing the dynamic memtabolic behaviors, we have suggested the modified metabolic network by introducing additional pathways as follows: -Additional pathways: R9, R20 and R21 -Reversible reactions in the ethanol and butanol pathways: R5r, R6r, R14r and R15r (Palosaari and Rogers, 1988; Burdette and Zeikus, 1994 ) The reason why we added the reactions, R9, R20 and R21, is that we found acetic and butyric acid in broth when acetylCoA-to-acetyl-P and butyryl-CoA-to-butyryl-P pathways were blocked by gene modification. That means the metabolic pathways, which have been identified so far, may not be capable of describing the actual metabolic behaviors and there may be unidentified pathways to produce the acid. The proposed metabolic network in C. acetobutylicum is depicted in Fig. 1 . For improving the parameter estimation result, we introduced pathway deletion in the C. acetobutylicum. The gene related to production of phosphortransacetylase is removed so the acetyl-CoA-toacetyl-P pathway is deleted. Thus, the kinetic model developed without any pathway deletions can be evaluated with the experimental data using the modified clostridium.
Model Development
Kinetic models of the metabolic pathways were developed based on the Michaelis-Menten equation. All the rate equations for the metabolic reactions can be represented below. The metabolic reaction network includes 32 rate equations, where 66 kinetic parameters are to be estimated with experimental data. 
In this work, we assumed that the concentration of the enzyme in each reaction kinetics is proportional to the total mass of the clostridia. Thus, it should be noted that the kinetic parameters multiplied by [Biomass] contain the information on the portion of the enzymes in the clostridium.
Based on the rate equations, mass balance equations for glucose, all the metabolites and cell mass were developed as follows:
[Pyruvate]
[Acetyl-CoA] 2 3 5 7 10 3 5 7 9 19 
All the model equations were calculated using an ordinary differential equation solver in MATLAB 2010a and the parameters of the equations were estimated with the experimental data of batch culture using glucose. In the experiments, we measured the concentrations of glucose, ethanol, butanol, acetic acid, butyric acid and cells.
Parameter Estimation Method
The values of all the kinetic parameters shown in the previous section were estimated to realize the experimental data of batch culture. The initial concentrations of glucose, acetone, ethanol, butanol, acetic acid and butyric acid for each experiment are shown in Tables 1 and 2 . The initial values of other metabolites were assumed to be 0.001 g/L. To estimate the kinetic parameters, an objective function to be minimized was given as a sum of the squared deviations between prediction and experimental data.
where N is the number of components, M is the number of data points and C i,j is the concentration (g/L) of component i, measured at j th sampling.
The optimization problem formulated as (49) is highly nonlinear so that an efficient optimization algorithm should be chosen to estimate the kinetic parameters of the metabolic reactions. In this work, a novel optimization technique that combines a genetic algorithm (GA) and the LevenbergMarquardt algorithm (LMA) was used to estimate the parameters in complex kinetic models.
A GA is one of the most popular heuristic optimization algorithms. The algorithm has been widely used to estimate the kinetic parameters of complicated reaction networks showing remarkable performances. It is based on the theory of evolution in a natural system. The algorithm works with a set of solutions, which are the parameters to be determined in this problem, called a population and each solution is called an individual. After an initial population is created, the objective function value for each individual is computed. Subsequently, individuals with superior objective function values are selected to generate the next generation of the population through genetic operators: crossover and mutation of the selected individuals. This regeneration procedure is repeated until the solution satisfies the termination criteria (Holland, 1975; Goldberg, 1989) . Although the GA has been applied to kinetic parameter estimation for highly non-linear and multidimensional optimization problems, they suffer from the drawback that the computational load dramatically increases for more complex problems. When handling multidimensional problems, a significantly larger population is required, and the overall number of calculations exponentially grows with an increase of the population. In the proposed approach, this issue is resolved by locally employing a fast deterministic optimization method, the LMA . The LMA is mathematically derived 8th IFAC Symposium on Advanced Control of Chemical Processes Furama Riverfront, Singapore, July 10-13, 2012
by a linear approximation and the searching method is based on calculation of a gradient (Levenberg, 1944; Marquardt, 1963) .
To determine all the kinetic parameters of the model equations, the three experiments with the C. acetobutylicum ATCC 824, where no pathways had been artificially deleted have been carried out as shown in Table 1 . With these experimental results, the multiple optimal parameter sets can be identified. To select the best parameter set having 66 kinetic parameters, the estimated parameter sets have been evaluated with the experiment using the clostridium in which the acetyl-CoA-to-acetyl-P pathway was removed.
4. RESULTS AND DISSCUSSION The kinetic parameters were estimated with the four experiments. Fig. 2 shows the comparison between the timecourse experimental data and the predicted value. Though the predicted concentration change of the glucose at the beginning of the fermentation was not as good as the one after 20 h, the tendency of the concentration changes in the major metabolites, e.g. acetone, butanol and ethanol, were accurately predicted. In particular, the tendency of changing in concentrations of the glucose and the major metabolites were accurately predicted by the metabolic model (see Figs. 2  and 3 ). Since the predicted values are very close to the experimental data in the charts, we may conclude that the proposed metabolic network, where few new pathways have been assumed, can be realizable. In terms of the accuracy of the predicted values, the proposed optimization method has been considered to be acceptable for the parameter estimation of this complex reaction network. 5. CONCLUSIONS The kinetic model describing the metabolism of the ABE producing clostridia has been developed in this work. For the kinetic study, we started with modifying the metabolic network in C. acetobutylicum ATCC 824 and all the kinetic parameters of the metabolic reactions were successfully estimated using the efficient optimization algorithm combining the GA and the LMA. Though we have identified the metabolic model of C. acetobutylicum ATCC 824, the model can be refined with additional experimental data. Because there are multiple optimal parameter sets, the additional experimental data will improve the robustness of the model. After the thorough evaluation of the model, sensitivity analysis can be carried out to investigate correlations among the various pathways. Therefore, the metabolic model will significantly contribute to designing the clostridia for enhanced ABE production.
